ed on each side of a quartz plate. The QCM was cleaned twice with water, ethanol, and acetone prior to preparation of the PE film on its surface. The frequency of the QCM was measured with a frequency counter (HP 53131A/132A; Hewlett Packard, CA, USA). The mass of materials deposited on the electrodes of the QCM was calculated from the frequency change of the QCM using the Sauerbrey equation 15, 16) . Polyethylene (PE) pellet (M.W.6500) commercially available (Scientific Polymer Products Inc., NY, USA) was dissolved in xylene (10 g/dm 3 ). Stearic acid (Wako Pure Chemical Industries, Ltd., Tokyo, Japan) was used as model soils, and was dissolved in benzene (0.2 g/dm 3 ) to prepare the spreading solution.
Other chemicals were extrapure grade and were used without further purification. The water was deionized, distilled using a Glass Still apparatus (Barnstead, Iowa, USA), and purified (resistivity of 18 MΩ cm) using a Easy Pure RF apparatus (Barnstead, Iowa, USA).
2
Immediately after dropping the PE solution on the gold electrodes, the QCM was spun at ca. 8000 rpm for 2-3 seconds and allowed to stand for 15 min for evaporation of the solvent. The procedure was repeated twice. The thickness of PE film formed on the gold electrodes was estimated to be 75 10 nm from the frequency change of the QCM due to the spin-coating. The mean roughness of the PE surface was determined to be 6.17 nm from the atomic force microscopic image 17) .
3
The 172 nm UV irradiation to the PE film prepared on the QCM was carried out in ambient air using a Xe 2 excimer vacuum UV apparatus (UER20-172, Ushio, Tokyo, Japan). The intensity of the UV excimer lamp at the upper window of the lamp house was determined to be 15.8 mW/cm 2 using a UV monitor system (UIT-150 and VUV-S172, Ushio, Tokyo, Japan). The PE film surface was exposed to the UV light located 2 mm away from the window. In the previous study 18, 19) , the water contact angle on some polymer films decreased with UV irradiation time and showed saturation at 30-60 sec. Therefore, in the present study, the PE film was exposed to UV for 1 min.
The mass loss of the PE film during the UV irradiation was determined to be 2.1 0.9% of total weight from the frequency change of the QCM. In general, the excimer lamp is not intense enough to cause ablation, although the excimer laser results in a photochemical reaction accompanied by surface ablation 20, 21) . In the previous paper 22) , the PP and PET films were exposed to UV excimer lamp under the same condition in this study, and the resulted topographical change was much less than that reported in the case of the UV excimer laser treatment 23) . Therefore, it was considered that the mass loss observed was not due to clear ablation 24) .
4
The contact angles of the liquids on the PE and stearic acid surfaces and the surface free energies of liquids were measured by the sessile drop and the pendant drop methods, respectively, using a video contact angle system (VCA2500, AST Products, Inc., MA, USA). A 2-3 ml drop was placed on the PE film or Langmuir-Blodgett (LB) films of stearic acid (see ). The stearic acid LB films as well as the PE film was prepared on the gold electrode of the QCM for experimental convenience, because the solid support did not affect significantly the contact angle. From the moment, the contact angle was determined every second from the drop profile stored in a computer. In the initial stage, the contact angle decreased linearly with time and the drop base diameter slightly increased. Therefore, the contact angle obtained by extrapolating the measured angles to time zero was obtained to be the advancing contact angle 18) . In the measurement of the surface free energy, the liquid was dispensed from the microsyringe to form a pendant drop, which was made as big as possible without letting it fall off the tip of the needle. The surface free energy was determined by pendant drop image analysis through videoimage digitization and numerical curve-fitting using the Laplace equation of capillarity 25) .
5
According to Lifshitz-van der Waals/acid-base (van Oss and Good) approach, the Young-Dupré equation for polar materials becomes 26) :
where q is the contact angle of the liquid, g is the surface free energy, the subscripts 1 and 2 refer to the solid and the liquid, respectively, and the superscripts LW, +, and refer to the Lifshitz-van der Waals component, the Lewis acid parameter, and the Lewis base parameter, respectively. In the present study, the contact angles of three probe liquids, water, diiodomethane and ethylene glycol, were measured. The components of the surface free energies of the PE and stearic acid were calculated by the equation ( ) using the measured advancing contact angles of three probe liquids and their published values of the surface free energy components 27) .
6
The frequency of the QCM with the PE film can change due to the moisture adsorbed on its surface. Therefore, after standing for 20 min under two different humidity conditions, 30%RH and 75%RH, the frequency of the QCM was determined as F 1 and F 2 , respectively. The mass change calculated from the difference between F 1 and F 2 was used as a parameter of moisture adsorption onto the PE film.
In the water retention measurement, the frequency of the QCM with the PE film, F 3 , was determined at 10 sec after the 10 sec immersion and pulling out of the water. The mass of water that wetted the PE film surface was estimated from the difference between F 1 and F 3 .
7
Prior to the soil removal experiment, stearic acid was deposited onto the PE film surface coated on the QCM by the LB deposition technique using a computer-controlled LB film deposition apparatus (FW-2, Lauda GmbH, LaudaKoenigshofen, Germany). The stearic acid monolayer on the water surface in the poly(tetrafluoroethylene) trough (200 600 10 mm 3 ) was compressed continuously with a barrier speed of 8 mm/min at 20 0.1 . The obtained surface pressure-area curve showed that a solid-condensed monolayer 28) was formed at a surface pressure of 30 mN/m. Therefore, at the constant pressure of 30 mN/m, monolayers of stearic acid were transferred onto the PE film on the QCM by the vertical dipping method. The dipping velocity was 5 mm/min and the dipping cycle was repeated ten times, corresponding to twenty layers deposition. The deposited mass of stearic acid onto the PE film surface, M D , was calculated from the frequency change of the QCM owing to the deposition.
After aging 1-2 days, the QCM with soils was cleaned in 25 ml aqueous 1 mmol/dm 3 sodium chloride solutions containing ethanol or SDS ethanol by applying ultrasonic waves with the frequency of 42 kHz. The ultrasonic power was measured to be 20 5 mV using a sound pressure meter (HUS-5, HONDA ELECTRONICS CO., Ltd). After 10 min, the QCM was pulled out of the solution, and dried in air. In the case of the SDS solution, the solution uptake was displaced by pure water so that mass of SDS adsorbed on the QCM might not affect the experimental results. The mass of stearic acid removed from the PE surface, M R , was calculated from the frequency change of the QCM due to the cleaning. The removal efficiency was expressed by M R /M D . In the previous paper 17, 29) , the removal efficiency of the fatty acid by ultrasonic washing showed saturation after 10 min. Therefore, the removal efficiency in the present study was corresponding to the apparent equilibrium value.
All experiments were carried out in a room maintained at 25 1 .
RESULTS AND DISCUSSION

1
shows the water contact angle on the UV-treated PE film as a function of aging time. The increase in the angle, the hydrophobic recovery 30, 31) , was observed during aging in air. The recovery was remarkable within 3 days and almost complete after 1 week. Therefore, the UV- exposed PE film was aged for 1 week prior to the experiments.
shows the characteristics of the PE films before and after the UV irradiation. The water contact angle decreased, i.e. the wettability increased considerably by the irradiation. The acid and base parameters of the surface free energy also increased considerably by the UV irradiation. These results suggested that the UV irradiation caused surface functionalization. Although such change in surface characteristics was expected to affect the moisture adsorption onto the PE film surface, the difference in adsorbed moisture mass between untreated and UV-treated PE films was negligibly small. On the other hand, the adsorbed water mass onto the PE film was found to increase drastically after the UV irradiation. The deposited mass of the stearic acid LB films onto the untreated PE film was consistent with the calculated mass of twenty dry monolayers of stearic acid on two electrrodes (1502 ng). This indicated that the monolayers of stearic acid on water were completely transferred onto the PE surface as Y-type LB films 28) . However, after the UV treatment of the PE film, the deposited mass onto its surface drastically decreased. This is a sign of unsatisfactory film deposition in which the change in molecular orientation and patchy deposition occurred because of poor adhesion of the hydrocarbon chains of stearic acid to the hydroplilic substrate surface.
2
The removal efficiency of stearic acid is presented in as functions of ethanol and SDS concentrations. The removal efficiency increased by the additions of ethanol and SDS. At any concentrations of SDS and ethanol, the oil removal was enhanced considerably after the UV irradiation.
Such improvement of oily soil removal by the UV irradiation will be discussed on the basis of the wettability of the PE film.
(open and close circles) shows the advancing contact angle of the detergent solution on the PE film as functions of ethanol and SDS concentrations. The angle decreased with increasing ethanol and SDS concentrations. At any concentration, the angle on the UVtreated PE film was smaller than that on the untreated PE film. From the experimental results in and , the removal efficiency was plotted against the advancing contact angle ( ). The soil removal was found to increase almost linearly with decreasing contact angle. This suggested that the wettability enhancement in the PE film due to the UV irradiation promoted of the liquid penetration between stearic acid and PE in the contact zone leading to the increase of soil removal. Moreover, the results will be 498 J. Oleo Sci. 57, (9) 495-501 (2008) discussed in terms of the free energy change due to liquid penetration between stearic acid and the PE substrate. The free energy change, ∆G, can be calculated as the displacement of the stearic acid/PE substrate interface by the stearic acid/liquid and PE /liquid interfaces as follows 29, 32) :
In this equation, g SL , g PL , and g SP are the interfacial free energies between stearic acid and the detergent solution, the PE film and the detergent solution, and stearic acid and the PE film, respectively. g SL and g PL are correlated with the contact angles by the Young equation:
where g S , g P , and g L are the surface free energies of stearic acid, the PE film, and the detergent solution, respectively. q L/S and q L/P are the contact angles of the detergent solution on stearic acid and the PE film, respectively. g SP is rewritten using the surface free energy components as follows 33) :
( ) The value of ∆G was calculated by Equations using the contact angles in , the surface free energies of the detergent solutions in , the surface free energy components of stearic acid (g S LW = 22.9 mJ/m 2 , g S + = 0.1 mJ/m 2 , g S -= 0.8 mJ/m 2 ) and the PE film (see ). demonstrates the relationship between the removal efficiency and ∆G. In all cases, the calculated values of ∆G were positive, suggesting that stearic acid was removed by applying ultrasonic waves as the driving force of oily removal. The results obtained with the untreated and UV-treated PE films were plotted on almost the same line and the removal efficiency was found to increase with decreasing ∆G. This experimental finding shows that the penetration of the detergent solution between oily soil and the PE substrate in the zone of contact is a dominant factor of removal.
CONCLUSION
The quartz crystal microbalance coated with the PE film was utilized to obtain fundamental information on the UV treatment of the polymer surfaces. Water retention, and oily soil deposition and removal in liquid were successfully determined from the frequency change of the QCM. Together with the independently evaluated wettability and surface free energy, the UV irradiation was found to be effective for the modification of the PE surface. 
